La 2 O 3 was successfully doped into nickel-cobalt alloy coating on Ti substrate by electrodeposition technology.
Introduction
Hydrogen is an energy carrier without pollution, which could be effectively produced by water electrolysis technology. However, its application was restrained due to the high energy consumption caused by the overpotentials of hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). In order to decrease HER overpotential, one method is to improve the real surface area of materials and to enhance the real exchange current density on electrode in the process of electrolysis, and the other one is to develop novel materials with high electrocatalytic activity and long-term stability [1] . According to Brewer-Engel theory for bonding in metals and intermetallic phases [2] , transition metalbased alloys could arise a well-pronounced synergism achieved by electron transferring between empty or half-filled vacant d-orbital and internally paired d-electrons in electrocatalysis for the HER, which often exceeds the individual catalytic effects of precious metals by themselves or in combination (the synergism condition) and approaches reversible behavior within a wide range of current density.
Nowadays, nickel and its alloys used as catalytic cathodes for HER have been paid much attention to due to its unfilled vacant d-orbital [3] . As well been known, electrodeposition technology is considered to be an effective and easy method for the preparation of alloys [4] [5] [6] . Among them, electrodeposited Ni-Co alloy was one of the most common used materials for HER [7] . In order to further enhance electrocatalytic activity of nickel alloys, metal powders or oxides with special function, such as Mo powder, TiO x , RuO 2 , TiO 2 -supported RuO 2 , LaNi 5 , IrO 2 Pr 2 O 3 and AB 5 [8] [9] [10] [11] [12] [13] [14] [15] [16] , etc., were frequently incorporated into the alloy layer by composite electrodeposition technology, and the formed composite coatings yielded higher electrocatalytic activity and stability resulted from larger real surface areas of the electrodes. Moreover, the electrochemical codeposition process of particles and metallic ions is beneficial to achieve the synergetic effect of both species for electrocatalytic performance [13] . Lanthanum (Ⅲ) Oxide, La 2 O 3 , a kind of rare earth metal oxide, was usually used in glass, ceramics and electronic industry etc. [17] [18] [19] [20] [21] . Some literatures were reported that La 2 O 3 was added in Ni-based laser clad coatings [22] , TiC/Ni composite laser clad coatings [23] and flame sprayed Ni based coatings [24] to refine microstructure and decrease friction coefficient, and to increase micro-hardness, wear and corrosion resistance.
In this work, La 2 O 3 was chosen as insoluble particles incorporated into Ni-Co alloy deposited coatings by composite electrodeposition technology for hydrogen evolution materials, and then its microstructure and morphology were characterized by SEM and XRD, respectively. Furthermore, the hydrogen evolution was evaluated by steady-state polarization curves, Tafel plots and electrochemical impedance spectroscopy.
Experimental
Nickel-cobalt alloy coatings were prepared electrochemically on Ti substrate (1.0 cm × 1.0 cm) in electroplating bath containing 160 g L The morphologies of the studied electrodes were studied by SEM (JSM-6360LV). The X-ray diffractions of the studied electrodes were tested by XRD (X' Pert PRO, Netherlands) with Cu K α radiations (λ = 0.15418 nm) performed from 20
• to 100
• at a speed of 2
• per minute. potential) and at the frequency ranging from 10 6 Hz to 10 -2 Hz. The measured data was fitted by Z-View software (Scribner Associates Inc.).
Results and Discussion

Electrode Morphology and Surface Structure
It was observed that Ni-Co-La 2 O 3 composite coatings showed good adhesion to Ti substrate and no internal stress causing the detachment were observed. Shown in Figure  1 was the comparison of the SEMs of Ni deposited coating, Ni-Co alloy deposited coating, and Ni-Co-La 2 O 3 composite coating. It can be seen that the surface of Ni-Co alloy deposited coating was much smoother with small grains, whereas the Ni-Co-La 2 O 3 composite coating showed a disordered fibril surface. A coarser grain size was observed in the composite coatings compared to the Ni-Co deposits. It was known that surface area is an important factor affecting the HER property of electrode, that is to say, increasing the surface area can substantially improve the electrocatalytic activity [25] . Due to that La 2 O 3 particles could be adsorbed on the cathode surface, the metal ions can directly deposit on the particle surface and therefore increase the active surface area and decrease the cathodic polarization, resulting in the larger grain of Ni-Co alloys. On the other hand, it was believed that La 3+ ions adsorbed by the active points on the surface of the coating during electrodeposition process would decrease the concentration of the Ni 2+ and Co 2+ ions around these active points, resulting in concentration polarization [15] . This behavior inhibited the growth velocity of the local area with low concentration of Ni 2+ and Co 2+ ions, and thus increased the surface area of the Ni-Co alloy deposited coating with La 2 O 3 [15] . Additionally, after the incorporation of La 2 O 3 particles into Ni-Co alloy deposited coatings as insoluble particles in the process of electrodeposition, it was presumed that the surface of electrode would form porous structure and increase the real surface area of the electrode in the process of water-electrolyte in acid electrolyte due to that it could be solvable in acid solution. What deserved to be mentioned here is that La 2 O 3 particles didn't apparently react with solution of 0.50 mol L -1 Na 2 SO 4 + 0.10 mol L -1 H 2 SO 4 through experimental phenomenon, which could be attributed to that the degree of reaction is too low to be observed. But it may be a reason to further enlarge the real surface area of the electrode. Figure 2 were X-ray diffraction patterns corresponding to the Ni deposited coating, Ni-Co alloy deposited coating, and Ni-Co-La 2 O 3 composite coating, respectively. Pure Ni deposited coating existed the reflections (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2), showing the face centered cubic (fcc) structure of electrodeposited nickel. Comparably, the nickel diffraction peaks became weaker and a cobalt diffraction peak appeared after forming Ni-Co alloy deposited coatings, as well as a Ti diffraction peak produced by Ti substrate appeared, indicating the formation of amorphous components. When La 2 O 3 particles were incorporated into the Ni-Co alloy deposited coatings, Ti diffraction peak became stronger and Ni diffraction peak further decreased and flattened, and some weak diffraction peaks appeared corresponding to La 2 O 3 with amorphous hexagonal phase and LaNi 5 [21] , indicating that La 2 O 3 particles were successfully doped into the Ni-Co alloy deposited coating. It could be concluded that the La 2 O 3 particles promoted the formation of an amorphous structure beneficial to hydrogen evolution [26] . And the La 2 O 3 particles adsorbed on the cathodic surface could influence the course of electrodeposition by changing the double layer structure [27] . 12 24 Figure 3 were the steady-state polarization curves of Ni-Co alloy deposited coating electrode and the Ni-Co-La 2 O 3 composite coating electrode. It was apparent that the hydrogen evolution potential of the Ni-Co-La 2 O 3 composite coating electrode moved positively about 178 mV at current density of 15 mA cm -2 compared with that of Ni-Co alloy deposited coating electrode, indicating that the electrocatalytic activity to hydrogen evolution reaction enhanced largely.
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It was well established that HER in acidic solutions can proceed through the following mechanisms [28] : [3] Where k represents the rate constants of the forward and reverse processes, M the electrode material and MH ad the hydrogen adsorbed on the electrode surface. HER began with the proton discharge reaction (Volmer reaction, Eq. [1]) and was followed by electrochemical and/or chemical (recombination) desorption steps (Heyrovsky reaction, Eq. [2] and/or Tafel reaction, Eq. [3] , respectively). The latter two steps could take place simultaneously or interchangeably. Shown in Figure 4 were Tafel plots of the two studied electrodes, and the corresponding Tafel parameters obtained were listed in Table 1 . It was demonstrated that the exchange current density, i 0 , of the Ni-Co-La 2 O 3 composite coating electrode was 31 times larger than that of Ni-Co alloy deposited coating electrode, showing that Ni-CoLa 2 O 3 composite coating electrode possessed larger electrocatalytic activity than Ni-Co alloy deposited coating electrode. In addition, the Tafel slope of Ni-Co alloy deposited coating electrode was -110.5 mV dec −1 approaching to the theoretical value of -118 mV dec −1 , showing that the hydrogen evolution reaction on Ni-Co alloy deposited coating electrode was proceeded via a Volmer-Heyrovsky mechanism [28] . While the Tafel slope ECS Transactions, 28 (26) 3-12 (2010) of Ni-Co-La 2 O 3 composite coating electrode was -166.9 mV dec −1 , indicating that a different mechanism controlled by Volmer-Tafel reaction happened on this electrode [29] . It was assumed that LaNi 5 phase with properties of hydrogen storage alloy was formed [24] , resulting in that the desorption of hydrogen was delayed and, so, the Tafel slope was a little larger than -118 mV dec −1 . On the other hand, energy factor should be considered in order to exclude influence of geometrical factors on hydrogen evolution property. The real surface area was assessed by electrochemical impedance spectroscopy to obtain real exchange current density. As shown in Figure 5 , it was observed that the Nyquist plots consisted of two strongly overlapped capacitive loops at high and low frequencies, which were slightly depressed towards the real axis. The measured impedance spectra were fitted by Z-view software and the fitted parameters were listed in Table 2 . Using the value of the sum of CPE1-T and CPE2-T, the real surface area (S real ) was calculated in the light of equation CPE-T/ (20 × 10 -5 F cm -2 ), where 20 × 10 -5 F cm -2 represents differential capacitance of smooth Hg electrode [11] . On the basic of those, rough factor (r) was obtained by S real / S app , where S app is apparent surface area 1.0 cm 2 . It was shown that the composite incorporated coatings had higher surface roughness as evidenced based on the r values. Furthermore, the real exchange current density i 0 ' was obtained using i 0 /r. According to the data of Table 1 , it was found that i 0 ' of Ni-Co-La 2 O 3 composite coating electrode was 4.7 times larger than that of Ni-Co alloy deposited coating electrode. In addition, apparent activation energy, ⊿G ≠ , could be calculated according to
Arrhenius law, i.e., log i 0 ' = log (FKc) -⊿G ≠ /2.3RT, where T is temperature, F faraday constant, K rate constant, c concentration of reactants, R gas constant. In terms of the above equation, a plot of the logarithm of the real exchange current density against the reciprocal of temperature should be a straight line with slope -⊿G ≠ /2.3R. Listed in Table  3 were i 0 ' calculated for the hydrogen evolution reaction on the studied electrodes at different temperature. Based on these data, two lines were plotted in Figure 6 , and ⊿G ≠ values for the two studied electrodes were calculated and also listed in Table 3 . It could be deduced that ⊿G ≠ for Ni-Co-La 2 O 3 composite coating electrode was much smaller that for Ni-Co alloy deposited electrode, that is to say, energy barrier of hydrogen evolution reaction on electrode was decreased after doping La 2 O 3 particles, which was propitious to the proceeding of hydrogen evolution. , 28 (26) 3-12 (2010 Therefore, the enhanced hydrogen evolution property was not only attributed to the improvement of the real surface area, i.e., geometric factor, but also had something to do with the decreased ⊿G ≠ value, i.e., energy factor.
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Conclusion
Ni-Co-La 2 O 3 composite coating electrode and Ni-Co alloy deposited coating electrode were electrochemically prepared. The steady-state polarization curves, Tafel plots and electrochemical impedance spectra were utilized to evaluate the hydrogen evolution electrocatalytic properties. The hydrogen evolution kinetics parameters such as i 0 ', b, R ct showed that Ni-Co-La 2 O 3 composite coating was characteristic of much higher ECS Transactions, 28 (26) 3-12 (2010) hydrogen evolution electrocatalytic activity, and the real exchange current density of NiCo-La 2 O 3 composite coating enhanced 4.7 times compared to that of Ni-Co alloy deposited coating. It was concluded that the higher electrocatalytic activity of Ni-CoLa 2 O 3 composite coating depended on the increase of real surface area by doping La 2 O 3 particles and the decrease of active energy resulting from positive cooperative effect of rare earth element.
